From the large-N c QCD point of view, baryonia, tetra-quark states, hybrids, and glueballs are studied. The existence of these states is argued for. They are constructed from baryons. In N f = 1 large N c QCD, a baryonium is always identical to a glueball with N c valence gluons. The ground state 0 −+ glueball has a mass about 2450 MeV. f 0 (1710) is identified as the lowest 0 ++ glueball.
I. INTRODUCTION
The large-N c limit is one of the most important methods of non-perturbative QCD [1, 2, 3] . Properties of mesons can be observed from the analysis of planar diagrams and baryons from the Hartree-Fock picture. While mesons are free, the interaction between baryons is strong which scales as O(N c ). This might imply a duality between the meson and baryon sectors [3] . This implication comes from the similarity between large-N c baryons and Polyakov-'t Hooft monopoles by taking 1/N c as a coupling constant. This duality was indeed partially realized [4] in the Skyreme model [5] in which a baryon is regarded as a soliton of a meson theory.
In this work, hadron spectra are described starting from baryons. Besides mesons and baryons, certain multiquark systems are also included. Generally, color-singlet multiquarkgluon systems have been expected naively due to their colorlessness. Now we try to give deeper reasoning about their existence and their description from the large-N c QCD point of view. In principle, for large-N c QCD, baryon theories exist as dual ones to meson theories.
Such theories, however, are strongly interacting, which are lack of a perturbative description.
Taking baryons as the starting point can be traced back to Fermi and Yang [6] long before the establishment of QCD, while strange baryons were included by Sakita [7] . Its recent version can be found in Ref. [8] . Alternative to taking baryons as basic building blocks, we will still use the Hartree-Fock picture of large-N c baryons as Witten did [3] to do semi-quantitative analyses.
Baryons themselves have been studied in Refs. [3, 9, 10] . There are N c valence quarks in a baryon. Baryon-baryon interactions are strong. Molecular states of baryons can exist due to their strong interactions. And they are just the nuclei [3] .
II. BARYONIA
Let us consider baryon-antibaryon systems. The baryon-antibaryon system was mentioned in Ref. [3] . We will study its properties by assuming that it forms a bound state.
The interaction between a baryon and an antibaryon can be as strong as that of baryonbaryon systems. Therefore, we expect that molecular states of a baryon and an antibaryon also exist. Because of baryon-antibaryon annihilation, the baryon and anti-baryon in a baryonium is attractive at small distances, baryonia are more deeply bounded than nuclei.
The relevant interactions can be classified into two cases. The first one is that of glueball exchanges. The antibaryon inside a baryonium is not necessarily the anti-particle of the baryon in the baryonium. A possible example is the baryonium composed of ∆ ++ (uuu) and ∆ − (ddd) where the valence quark contents are given. In this case, the interaction inside a baryonium is described by Fig. 1 when the two baryons are close enough. Its N c -dependence can be seen from the following. Each gluon-quark vertex contributes 1/ √ N c . There are N 2 c possible ways to make the first gluon. To make the second gluon, however, there are only N c possible ways, because the two gluons must compose a color singlet state. Therefore, the interaction energy is still proportional to N c . Generally a baryonium mass is about 2N c Λ QCD . The binding energy, though proportional to N c , is expected to be smaller than baryon masses ∼ N c Λ QCD because baryons are color singlet. This is consistent with the molecular picture of baryonia. In terms of the hadron language, the interaction is mediated by glueballs with the glueball-baryon coupling ∼ √ N c . Because of heaviness of glueballs, such a t-channel glueball exchange interaction might be suppressed unless it happens at small distances. The short range interaction is also required by the confinement.
The second case is that of meson exchanges. When a quark and an antiquark have a common flavor in the baryonium, the interaction given by Fig. 2 [3] plays a role. This interaction is regarded as a meson exchange. Once any of the quarks is able to annihilate with any of the antiquarks, namely, all the quarks have the same flavor in the baryonium, it is easily seen that a valence gluon has a mass of 2 valence quarks, which is about 2Λ QCD .
The glueball composed of two valence gluons therefore has a mass about 4Λ QCD . It is clear that the glueball with N c valence gluons has a mass of the baryonium. We have stated that the baryonium, the hybrid and the glueball are the same state in N c = ∞, N f = 1 QCD.
Although at the quark-gluon level this is not true, there is no way to distinguish them at the hadron level due to the confinement.
On the other hand, above reasoning also implies that the existence of glueballs supports Theoretically, baryon-antibaryon systems might be difficult to deal with, because the typical energy of such interaction is proportional to N c [3] which is the same N c -dependence of baryon masses ∼ N c Λ QCD . However, as we have argued in Sect. II, it is expected that the baryon-antibaryon interacting energy is smaller than N c Λ QCD due to the confinement.
Furthermore, it is expected from large-N c QCD that the baryon-baryon typical interacting energy is also proportional to N c and phenomenologically, nuclear physics shows that the typical binding energy of a baryon inside a nuclear is only about a few MeV. Therefore, we expect that the binding energy of a baryonium is actually a lot smaller than a baryon mass.
It makes molecular description (in the QCD sense) of baryonium states meaningful. Such a system in fact can be well described by non-relativistic quantum mechanics. Consequently, baryon spins decouple from the dynamics of baryoniums.
To express the problem more clearly, in the large N c -limit, baryon-baryon binding energy is N c λ, and baryon-antibaryon binding energy is N c λ ′ . The confinement argument gives that
The slow transition of a baryonium to a (N c − 1) quark-(N c − 1) antiquark state and one meson implies that the interacting strength inside the baryonium and the (N c − 1) quark-(N c − 1) antiquark state are the same. In other words, in the large N c limit the constituent quark mass (Λ QCD ) can be taken the same in these two kinds of hadrons.
V. ANALYSIS
We will make a numerical illustration through analyzing realistic situation. In the semiquantitative analysis, we only consider ground state hadrons. Being accurate requires specification of meaning of Λ QCD we have used. This quantity describes the energy of an individual quark inside baryons. In the following, we defineΛ QCD to replace Λ QCD , The numerical analysis would be more appropriate to the N f = 1 case, however, it will go beyond that to N f = 2 and 3 without further mention of that the latter cases are more assumption-dependent.
A. 10 MeV binding energy
We take the binding energy to be 10 MeV, that means that λ ′ ≃ λ or a little bit larger, considering both λ and λ ′ are essentially determined by Λ QCD and the confinement. Nuclear physics tells us that N c λ is about a few MeV. We expect that N c λ ′ ≃ 10 MeV typically . A recent study from the Skyrmeon model shows that the baryonium binding energy is indeed about 10 MeV [11] .
Consider the case of only one flavor, the lowest baryonium is s-wave (∆ ++∆−− ), with the quark being the up-quark as an example, its mass is about 2M ∆ ++ −10MeV ≃ 2450 MeV. As we have argued, this state can be also identified as a 0 −+ ground state of three-gluon glueball in the large N c limit. The infered constituent gluon mass is consistent with those via other methods [13] . The actual glueball mass maybe a bit lower than the above value, because the actual flavor number is more than one. With one more light flavor being introduced, numerically it is estimated that the mass of the lowest proton-antiproton molecular state is about 2M N − 10 MeV ≃ 1866 MeV. This molecular state mixes with the 0 −+ glueball. In the large N c limit, this mixing depends on large N c generalization of the nucleon, which we do not consider in this paper.
Experimentally, BES collaboration has found two baryonium candidates, X(1860) [14] and X(1835) [15] . They were then theoretically studied [11, 16] . Considering the uncertainties of the binding energy, these states are consistent with our expectation. Furthermore, A (N c − 1) quark-(N c − 1) antiquark state is of a mass about 2(N c − 1)Λ QCD . From the argument of last section, it is reasonable to take the constituent quark mass in a tetra-quark state to be the same as that in a baryonium. In the case of only one flavor, the 4-quark state is (uuūū). Its lowest mass is estimated to be (
MeV. This state can be also regarded as a (uūg) hybrid or a 0 ++ ground state two-gluon glueball. It should be identified as f 0 (1710) in our scheme. Our estimation is consistent with lattice calculation [18] .
With one more flavor included, the lowest mass can be written as
This is the 4-quark ground state (udūd) with both spin and isospin 0. It can be identified as f 0 (1370) which has a mass ranging from 1200 to 1500 MeV [19] . As being noted, it mixes with the hybrid state (qqg) with q standing for the u-or d-quark.
As we have seen that 4-quark state mass estimation has an uncertainty ∼ 200 MeV, above numbers are of limited use practically. Our point is that within the uncertainty, there should be 4-quark states, and they indeed have experimental correspondence. After the strange quark is introduced, three kinds of lowest diquarks can be formed, ud, us and ds.
The 4-quark states form a nonet. They were studied by many authors [20, 21, 22, 23, 24] .
In our work, their mass differences are expected to be determined by the strange quark mass, which do not subject to the large uncertainty of large N c approximation. So the ground 4-quark states are naturally identified as f 0 (1370), a 0 (1450), K * 0 (1430), f 0 (1500); more explicitly, f 0 (1370)(udūd), K * 0 (1430)(udūs, udds, usūd, dsūd), a 0 (1450)(usds, dsūs), a 0 (1450)(s(nn) −s ), f 0 (1500)(s(nn) +s ), where (nn) ± ≡ (uū ± dd)/ √ 2. The mixing among the f 0 states are an O(1) effect. Note that our 4-quark state identification is different from most of previous studies [20, 21, 22, 23] where it is σ, κ, a 0 (980) and f 0 (980) that are taken to be the lowest 0 ++ 4-quark states.
B. Large binding energy
As a comparison, let us consider the case of large baryon-antibaryon interacting energies.
We know that λ ≃ λ ′ is still an assumption. If the annihilation effect is important, λ ′ is possibly a lot larger. Refs. [12] Therefore, considering practical situation, large-N c QCD analyses prefer a small baryo-nium binding energy. In the following we will not consider the large binding energy case.
C. Decay widths
A baryonium decays into one meson and one tetra-quark state, and a tetra-quark state into two mesons [3] . The decay rates are O(1). Therefore, from the large N c point of view, diquark-antidiquark states decay slowly, and this also makes them distinguishable from two meson states. The 0 −+ baryonium X(1835) or X(1860) decays in p-wave into f 0 (1370) and σ. Note that it cannot decay to s-wave f 0 (1370) and η ′ due to the phase space. Therefore the dominant decay products are ρρππ. This can be checked by future experiments.
VI. HEAVY HADRONS
Now we consider the case of inclusion of a single heavy quark. Heavy quark effective theory (HQET) [25] provides a systematic way to investigate hadrons containing a single heavy quark. It is an effective field theory of QCD for such heavy hadrons. In the limit m Q /Λ QCD → ∞, the heavy quark spin-flavor symmetry is explicit. The hadron mass is expanded as
To obtain the HQET defined, universal heavy hadron massΛ H , however, some nonperturbative QCD methods have to be used. We can apply the large N c method. Heavy baryons were studied via this method [10, 26, 27, 28, 29] . Actually in the mass relation between heavy baryons and corresponding light baryons under the large N c limit, the uncertainty is smaller thanΛ QCD . This is because the heavy quark constituent mass (modular m Q ) does not deviate fromΛ QCD very much. For an example, the Λ Q baryon massΛ Λ Q is about 0.80 GeV [30] . It is more reasonable to take
GeV to be the uncertainty in the following analysis.
Heavy baryoniums containing a heavy quark are analyzed in the same large-N c spirit of the light quark case. The 0 − ground state baryoniums (Λ c ,N) and (Λ c ,Λ) have masses
where m c is taken to be 1.43 GeV [30] . This is consistent with naive estimation M For heavy diquarks, because of the heavy quark spin symmetry, existence of a spin-zero diquark Qq implies that a Qq spin-one diquark also exists. This point was also noticed in
Ref. [23] . The spectrum of the lowest 4-quark charm states is
In the heavy quark limit, we have the degeneracy of 0 + , 1 + and 2 + 4-quark states.
Therefore, we expect a rich charm hadron spectrum ranging from 2.54 GeV to 3.50 GeV.
The 1/m Q uncertainty is about Λ 2 QCD /m c ∼ 60 MeV. The bottom case is the same except for smaller 1/m Q correction because of the heavy quark flavor symmetry,
where m b ≃ 4.83 GeV [30] . For hadrons containing a pair of heavy quarks, the two heavy quarks intend to combine into a tighter object which is described by non-relativistic QCD. However, if the two heavy quarks are separated by 1/Λ QCD or more in certain hadrons, the above HQET procedure can be applied to these hadrons. For examples, the following lowest baryoniums and 4-quark states may exist,
where M (Λc,Λc) is consistent with 2M Λc − 10 MeV ≃ 4.83 GeV, and the uncertainty due to 1/m Q effects is Λ 2 QCD /2m c ≃ 30 MeV. The state (cs,cs) is consistent with Y (4260) [22] which cannot be identified as (Λ c ,Λ c ) [31] in our scheme. Considering 1/N c uncertainties, X(3940) can be (cqcq) (q = u, d). In that case, charged (cucd) state is also expected around 3940 MeV. (3) violation. Namely, the baryoniums pp and ΛΛ mass difference does not subject to large 1/N c corrections. More accurate treatment of baryoniums can be similar to that in Refs. [9, 10] by taking account baryonium binding energies. Furthermore, for the diquark-antidiquark states, their mass differences similarily have no large 1/N c uncertainties. For another example, mass differences of states (cd,ūd), (cd,ūs) and (cs,ūs) do not subject toΛ QCD uncertainty. The discovery of the baryoniums and the diquark-antidiquark states with a single heavy quark and their mass estimation given in Eqs. (3) (4) (5) will be tests of our understanding in the near future.
